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Section S1. Sample collection and storage

At the CTC site, PMy;s filter samples were collected with a 4-stage cascade impactor using quartz filters (TE-QMA and TE-
230-QZ). Prior to sample collection, the filters were rinsed with 18 MQ-cm water, baked at 500 °C for 8 hours, wrapped in
aluminum foil, and stored in airtight polyethylene bags. At the House site, filter samples were collected on quartz microfiber
filters (Pallflex Emfab). The filters were precleaned by gently shaking in Milli-Q water for 4 hours, dried at 100 °C, baked at
550 °C for 5 hours, stored in aluminum foil (treated by baking at 550 °C for 12 hours), and placed in airtight polyethylene
bags until sample collection. After sample collection, filters were again wrapped in aluminum foil, placed in air-tight
polyethylene bags, transported over ice in coolers, and then stored in a -20 °C freezer. Because filters were shared among
several groups, ¥ of each filter was cut off at UC Irvine or the University of Washington, wrapped in aluminum foil, placed
in air-tight polyethylene bags, and shipped to UC Davis in a cooler over ice. The quarter filters were then stored at Davis in a

-20 °C freezer until extraction.

Section S2. Screening factor calculation

In the solar simulator, as light passes through the 1 mL reaction tube and is absorbed by the solution, the photon flux
decreases (Smith et al., 2016). To account for this attenuation of light though the reaction tube, we calculated the screening

factor (S,) for each extract:

Y[ —107) x I]
Y[(2.303 X 4;) X ;]

S, = (51)

where A4, is the absorbance of the particulate matter extract at wavelength A (unitless) and I, is the photon flux of the solar
simulator at wavelength A (Smith et al., 2016). The measured pseudo-first order decay rates of probes are then corrected for

screening using equation 2.

Section S3. Rate of light absorbance calculation

The rate of light absorbance in a PM extract in the solar simulator was calculated with

550 nm
_ [DOC]pug
RapsexppME = EETEEE X (MAC, X I gxp X AL) (S2)
300 nm
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where [DOC]Jpume is the dissolved organic carbon concentration in the extract (mg L), the 103 factor is a unit conversion of
mg to g, MAC, is the DOC-normalized mass absorption cross section at wavelength & (cm? g?), I gxp is the surface-area-
normalized photon flux at wavelength A in the illuminated quartz tube (mol-photons cm? nm* s1), and AA is the wavelength
interval between discreet I, values (hm) (Kaur et al., 2019). In our simulated sunlight illumination system, we determined
I gxp @s described in Hullar et al. (2020). Note that this R,ps gxp,pme ONly accounts for the light absorbed by water-soluble
species that were extracted from the PMys filters into our extracts. Water-insoluble BrC, which also absorbs light and

produces photooxidants, is not included in our water extracts.

Section S4. Experimental Kkinetic calculation: oxidant concentrations and oxidant production rates

All rates of light absorbance, photooxidant concentrations, and photooxidant production rates in this paper are reported under
two actinic flux conditions: (1) at jons = 0.0045 s, the photolysis frequency of 2-nitrobenzaldehyde for Fairbanks midday
actinic flux on February 1%, 2022 determined using actinic sunlight modeled by Tropospheric Ultraviolet and Visible (TUV)
Radiation (Madronich and Flocke, 1998), or (2) at the photon flux condition determined for each specific composite period
(Section 2.6.1).

S4.1 Hydroxyl Radical

The *OH steady-state concentrations under laboratory conditions were measured using a low concentration (10 uM) of the
probe benzoic acid (BA) (Anastasio and McGregor, 2001; Kaur et al., 2019; Ma et al., 2024). *OH concentrations were
determined for each sample by simultaneously monitoring the loss of BA and the production of para-hydroxybenzoic acid
(p-HBA) (Ma et al., 2022, 2023, 2024). The loss of BA was fit and normalized to a standard photon flux using equations 1
and 2 to determine the first-order rate constant for BA loss, & ’saexe. The experimental *OH concentration in our PM extract
(PME) was determined with

’
k BA,EXP

[‘OH]EXP,PME = (S3)

k-OH+BA

where keon-+ga is the second-order rate constant for the reaction of *OH with BA at the pH of the extract, determined based on
the rate constants for *OH with benzoic acid and benzoate (4.3x10° M-t s* for benzoic acid, Ashton et al., 1995; Wander et
al., 1968; 5.9x10° M st for benzoate, Ross et al., 1994) and the mole fractions of neutral and deprotonated benzoic acid
(pKa = 4.2; Wander et al., 1968). The production of p-HBA was fit using

[p — HBA], = [p — HBA], + A(1 — e~ 5% (54)
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where [p-HBA]o is the initial concentration, [p-HBA]; is the concentration at time t, and A and B are fitted parameters (Ma et
al., 2023, 2024). The product of A and B is the initial rate of p-HBA production (Rp-nsaexp), Which is used to calculate the

steady-state *OH concentration:

Ry_uBaExp

[’OH]EXP,PME = [BA], (S5)

X Kk.on+Ba X Yp_npa

where [BA]o is the initial BA concentration and Yp+ga is the yield of p-HBA from the reaction of *OH and BA (17%)
(Anastasio and McGregor, 2001). The reported *OH concentration for a given extract is the average of the values determined
by BA loss and p-HBA production. The average (+10) relative percent difference in *OH concentration determined for the
two methods is 18(+51)%.

The steady-state *OH concentration was used to estimate the production rate of *OH in each extract with

Poonexp,pme = [*OH]gxp pme X Keon+poc X [DOC]pumE (S6)

where k.on:+poc is the general second-order rate constant for reaction of *OH with atmospheric DOC, 3.8(+1.9) x 108 L mol-
C! s (Arakaki et al., 2013). This assumes that DOC is the dominant *OH sink (Ma et al., 2023), which should be true for

our DOC-rich extracts.

S4.2 Singlet Molecular Oxygen

Steady-state 'O,* concentrations were measured using a low concentration (10 uM) of the probe furfuryl alcohol (FFA)
(Anastasio and McGregor, 2001; Appiani et al., 2017; Bogler et al., 2022; Kaur et al., 2019; Ma et al., 2024). Initially, we
used the DO diagnostic method to measure *O.*. With this technique, two parallel experiments were performed: PM
extracts were diluted 2-fold with either Milli-Q H,O or DO, which varies the rate constant for !O,* quenching by the
solvent (Ma et al., 2023). While this technique has been successfully used to quantify 1O,* in the past under more moderate
pH conditions (Anastasio and McGregor, 2001; Haag and Hoigne, 1986; Ma et al., 2023), in our pH 1 extracts the D,O
method systematically underestimated [*O,*] compared to the result determined measuring FFA loss in Milli-Q (with
correction for the loss of FFA due to *OH). Thus we measured FFA decay in our pH 1 extract without DO, assuming the
dominant loss of *O;* was to the solvent H,O. The normalized pseudo-first-order rate constant for FFA loss (k’rra) Was
determined using equations 2 and 3. We corrected for FFA loss due to *OH in order to determine the rate constant for FFA

loss due to *O2* using

leFA,lOZ* = k,FFA - k00H+FFA X [.OH]EXP,PME (57)
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where k.ou.rra iS the second-order rate constant for FFA loss due to *OH, 1.5x10% M s (Ross and Ross, 1977). The
steady-state O.* concentrations were then calculated using an equation analogous to equation S3, with the denominator
being the second-order rate constant for FFA reacting with 10,* (at 10 °C, kiox*+rra is 8.06x107 M1 s; Appiani et al.,
2017). The production rate of *O,* was predicted with an equation similar to equation S6, assuming that in the dilute particle
extracts 1O,* loss was mainly due to quenching by HxO (k’102+ 120 = 2.76(20.02)x10° s1), with minor loss due to O,*
reacting with DOC (kioz*+poc = 1x10° M s) (Appiani et al., 2017; Ma et al., 2023). In the dilute extracts, this is a

reasonable assumption because H.O and DOC are the two dominant *O,* sinks (Ma et al., 2023).

S4.3 Triplet Excited States

The steady-state concentration of 3C* was determined using a low concentration (10 uM) of the probe syringol (SYR), which
reacts with the subset of the triplet population that is oxidizing (Ma et al., 2022, 2023). A limitation to the SYR probe is that
after SYR reacts with 3C*, the oxidized syringyl phenoxyl radical can be reduced by other phenols or dissolved copper in
solution to regenerate the parent SYR probe (Ma et al., 2022). This regeneration inhibits SYR loss and leads to an
underestimate of 3C* concentrations (Ma et al., 2022, 2023; Wenk and Canonica, 2012). To account for probe regeneration,
we measured the inhibition factor (IFsvrcor), Which quantifies the fraction of 3C* and SYR reactions that lead to SYR loss
(Section S5). Additionally, because SYR reacts with *OH and O,*, we correct & ’syr for SYR loss due to reactions with *OH

and *O2*. Accounting for all corrections, the steady state 3C* concentration was then determined by

' 1
k'syrexp — Ksyr+eon X [OHlexp pme — Ksyri102- X [ 102 *]EXP PME

[3C *]Exp,PME = (S8)

ksyr+sce X IFsyR corr
where kgyrt.on and ksyri102+ are the second-order rate constants for loss of SYR due to reaction with *OH and 1O2*,
respectively (Ma et al., 2022). Finally, the 3C* production rate in extracts was estimated using an equation analogous to
equation S6, calculated using reactions of triplets with dissolved O as the dominant sink (Ksc+o0z2 = 2.8x10° M s) and with
DOC as a minor sink (kscxpocsyr = 7x107 M? s) (Kaur et al., 2019; Ma et al., 2023). In the dilute extracts, this is a
reasonable assumption because other 3C* sinks, such as S(IV), are expected to be negligible in our PM extracts (Ma et al.,
2023).

Section S5. Inhibition factor (Ma et al., 2022)

DOC in dilute particle extract can artificially suppress [*C*]exp.pme. When 3C* react with SYR, the product is a phenoxy
radical, which can abstract a hydrogen from DOC to reform SYR, causing an artificial suppression in SYR loss. However,
because DOC is a 3C* sink, DOC also causes a real suppression in [3C*]exppme concentration and thus a smaller observed

k’syr. We measure two inhibition factors to account for both types of inhibition by DOC.

8
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The first inhibition factor we measured is the inhibition of the SYR probe (IFsyr) which represents both inhibition due to
quenching by DOC and inhibition due to the regeneration of the SYR probe. To measure IFsygr, we performed three separate
experiments. First, we spike 1 mL of a dilute extract with 10 uM SYR and measure the pseudo-first order decay of SYR
(k’syr+pme). Next, we spike 1 mL of the dilute extract with 10 uM SYR and 80 uM of 3,4-dimethoxybenzaldehyde (DMB), a
photosensitizer that produces 3C* (k’syr+pms+pme). Lastly, we spike 1 mL of sulfuric acid (either pH 1 or pH 5, depending on
pH of the extract we are testing) with 10 uM SYR and 80 uM DMB and measured the decay of SYR over time (k’syr+pmg).
We then calculate IFsyr by

k’'syR+PME+DMB—K/SYR+PME (S9)

[Fsyr = o
SYR+DMB

DMB produces *C*, which react with SYR and lead to enhanced SYR loss, so we expect k’syr+pms+pme t0 be larger than
k’syr+pme. If NO inhibition occurs, & ’syr+oms Will be equivalent to the sum of & ’syr+pme+pme and & ’syr+pme and IFsyr will be 1.
However, if either type of inhibition occurs, IFsyr will be less than 1. Because IFsyr accounts for both types of inhibition,
but the [3C*]exp.pme Must only be corrected for the inhibition caused by regeneration of the SYR probe, we measure a second

inhibition factor which only accounts for inhibition due to quenching of *C* by DOC.

The second inhibition factor we measure is the inhibition of the probe FFA (IFgea). Analogous to IFsyr, IFera is measured
by performing three experiments. First, we spike 1 mL of a dilute extract with 10 uM FFA and measure the decay of FFA
over the illumination period (k’era+pme). Next, we spike 1 mL of the dilute extract with 10 uM FFA and 80 uM of 3,4-
dimethoxybenzaldehyde (DMB) (k rea+pms+pive). Lastly, we spike 1 mL of sulfuric acid (either pH 1 or pH 5) with 10 uM
FFA and 80 uM DMB and measure the decay of FFA over time (k’rearpms). We then calculate IFgea with an equation

analogous to equation S9. Finally, we correct IFsyr by IFera Using

IF
[FSYR,COI‘I‘ = 1R (SlO)

IFFFA

where IFsyr corr ONly accounts for the inhibition caused by the regeneration of the SYR probe.

Section S6. Calculating the concentration of dissolved organic carbon in aerosol liquid water

The DOC concentration in ALW was calculated using the flow rate of filter collection and the DOC measured in our PM

extracts. First, the volume of air collected (m®) per filter composite was calculated with

Vair — Z? QXtXAextract (Sll)

Atotal
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where n is the number of filters in each composite, Q is the flow rate reported for each filter (m® s; Edwards et al., 2024;
Moon et al., 2024), t is the collection time for each filter (S), Aexiract 1S the area from each filter that was used to prepare the
extract (cm?), and Ay, iS the total area of a complete (i.e., uncut) filter (cm?). V;, is calculated by adding up the volume of

air sampled across the n filters used to make a given composite.

Next, the DOC concentration in ALW (mol-C L-aq™) was calculated with

[DOC]pMEXVagq

[DOClaLw = Vi XALWC (S12)

where [DOC]pume is the concentration of dissolved organic carbon measured in our PM filter extracts (mol-C L1), Vqq is the
total volume of solution used to extract the filters in a composite (L), and ALWC is the aerosol liquid water content reported
by Campbell et al. (2024) averaged over each composite (L-aq L-airt). Finally, the concentration factor (CF) between ALW

conditions and our PM extracts was determined using

CF = POClaLw (S13)
[DOC]pmE

Values are reported in Table S12. The CF was used to extrapolate values measured in our dilute extracts (e.g., PM-

mass/H20-mass ratios and Poy) to ALW conditions.

Section S7. Estimating the inorganic S(IV) activities and activity coefficients

S7.1. Calculating the Inorganic S(1V) Activity

A large uncertainty in our model of S(IV) oxidation pathways is the activity of inorganic S(IVV). Measured S(IV) in the
particles was categorized based on its susceptibility to oxidation by HOOH: total S(1VV) measured by ion chromatography in
filter extracts was considered the sum of inorganic S(IV) and hydroxymethanesulfonate (HMS), while HMS was determined
as the S(IV) measured after hydrogen peroxide was added to the extracts to remove inorganic S(IV) (Dingilian et al., 2024).
The difference of these two measurements should be the inorganic S(IV) amount. However, measured inorganic S(I1V)
concentrations in ALW (0.1-0.7 M, Dingilian et al., 2024) were roughly three orders of magnitude larger than predicted
from Henry’s law partitioning of SO (corrected for temperature and ionic strength) assuming the ALW is pH 5 (resulting in
0.02-0.3 mM inorganic S(1V)) and six orders of magnitude higher assuming pH 1 ALW (0.02-0.2 uM).

To constrain the modeled particulate inorganic S(IV), we modeled the rate of secondary SO4% formation as a function of

inorganic S(1V) activity (Figure 8a-d). We then defined the model estimate of inorganic S(1V) activity as the point where the

10
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modeled fraction of secondary sulfate from HOOH — the dominant secondary sulfate source (Sunday et al., 2024) — matched
the fraction measured by sulfate isotope measurements (Moon et al., 2024). Under the high-NOx conditions in Fairbanks,
gas-phase HOOH concentrations are expected to be low (Ye et al., 2018). Sunday et al. (2024) describe that in-particle
photochemistry is the main source of HOOH, with HOOH likely photochemically formed by 3C* reactions with phenols
(Anastasio et al., 1997; Sunday et al., 2024). Our model uses the in-particle formation rates of sulfate reported by Sunday et
al. (2024). Under the high-SO, conditions of ALPACA, HOOH is a unique condensed-phase oxidant because its rate of
SO.% production is independent of {inorganic S(1V)}, a consequence of S(IV) being by far the most important sink for
particle-phase HOOH (Sunday et al., 2024). In contrast, the other condensed-phase SO.% formation pathways studied here
become slower as {inorganic S(1V)} decreases. This property of the HOOH pathway allowed us to estimate the inorganic
S(1V) activity.

S7.2 Calculating the Inorganic S(1V) Activity Coefficient

We estimated the activity coefficient of inorganic S(IV) using the ionic-strength correction to Henry’s Law for SO;

described in Millero et al. (1989). The activity coefficient for inorganic S(IV) was estimated using

yi, = o (S14)

Hgp,

where Hgj* is temperature-adjusted Henry’s Law constant for SO, determined with

1 1
Hgy ' =123 x o(31453x(G755)) (S15)

(Seinfeld and Pandis, 2016) and Hgo, is the Henry’s Law constant for SO, at the same temperature but a non-zero ionic

strength, determined with

logio (”,S_Oo) = (22-0.0997) x Iy (Ismax=6 M) (S16)

HSOZ T
(Millero et al., 1989). While the ionic strength correction has been tested for Is <6 M, we use it for all our ALW calculations,
where |5 values are as high as 23 M, due to of a lack of alternatives. The range of activity coefficients for aqueous SO-

calculated in this work were 0.69-0.82 (Table S20).

11
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Section S8. Isotopic signature of sulfate formed by 3C*

We expect the dominant mechanism of SO.* formation by 3C* to be either electron transfer or proton-coupled electron
transfer from inorganic S(IV) to the oxidizing triplet excited state (McNeill and Canonica, 2016; Moon et al., 2024; Wang et
al., 2020). The resulting isotopic signature of SO4% formed by C* is equivalent to that of SO,? formed from transition metal
ions (TMI) (Moon et al., 2024). This indicates that the secondary SOs* formed by TMI reported by Moon et al. (2024)
represents the SO42 formed by both 3C* and TMI.

Section S9. Determination of monthly photolysis frequencies for O3, HONO, and BrC

Rate constants for photolysis of HONO and Os (i.e., jrnono>eon and jos>oap)) on the 15 of each month were determined with
TUV using constant column O3 and aerosol optical depth (AOD), and with albedo estimated using ALPACA measurements
(Table S22). Values of jos>oup) Were converted to jos>eon by estimating the fraction of O(*D) lost due to reaction with H,O
(Table S23). First, we assumed the dominant loss pathways of O(*D) were H;O, N, and O, (Seinfeld & Pandis, 2016). The
H20 gas concentration was determined using the monthly average relative humidity reported by the US Climate Research
Network and temperatures reported by the Alaska Department of Transportation, both listed on the NOAA Environmental
Research Division’s Data Access Program Website (AK Fairbanks 11 NE, 2024). We calculated the temperature-dependent
saturation vapor pressure for water as described in Seinfeld and Pandis (2016). The concentration of water was estimated by
multiplying the saturation vapor pressure by the relative humidity. The temperature-dependent total concentration of gas
molecules (i.e., Loschmidt’s constant) was calculated using the ideal gas law and used to convert the concentration of H,O to
mlc cm. We assume N and O, were 78.8% and 20.95% of the total gas concentration, respectively. The pseudo-first order
rate constants for O(*D) loss due to reaction with H.O, N, and O were then calculated using the respective temperature-
corrected second-order rate constants (Seinfeld & Pandis, 2016). Using the pseudo-first order loss rate constants, the fraction

of O(*D) loss due to reaction with H,O (foap) H20) Was determined with

k'o(1D)H20
= . S17
fo(lD)'Hzo k'o(1D)H20TK'0(1D),N2TK'0(1D),02 ( )

where each k’oup) term represents the pseudo-first order rate constant for O(*D) loss due to H,O, N2 and O,. Finally, the rate
of *OH formation from ozone photolysis, Pos>«on, Was calculated by multiplying Pos>oup) with the fraction of O(*D) loss

due to reaction with H,O
Posz—eon = Poz-o@1p) X foap)uzo X 2 (S18)

where the factor of two accounts for the molar ratio of two *OH produced per O(*D) lost to reaction with water vapor. The

value of jos>.on Was then determined by dividing Pos>.on by the O3 concentration.

12
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Rate constants for formation of oxidizing triplets following light absorption by brown carbon (jsrc»3c+) were determined
using TUV-modelled I,, the average MAC, determined from all House site samples, and the average ®@sc+ (2.7%) determined
in this work. Values were determined for the wavelength range of 300 to 550 nm. TUV overestimates low-energy
wavelengths in the winter in Fairbank (Figure S2a), leading to a 3-fold overestimate of jos>oup) in winter (Figure S2b). This
overestimate has minimal impact on juono-.on OF jerc>3c* because these chromophores absorb most strongly at wavelengths

greater than 325 nm (Figure S2c).

Section S10. Determination of monthly average concentrations of Oz, HONO, and BrC

Monthly average Oz concentrations were determined by averaging the daily maximum 8-hour average Os reported by the
Alaska DEC (Air Quality Monitoring Data, 2024), making the Oz concentrations upper-bound estimates. HONO
concentrations were estimated by first assuming the HONO-to-NO; ratio of 2.02(+£0.05)% measured during ALPACA
applies year-round (Kuhn et al., in preparation; Simpson et al., 2024). Next, the monthly NO, concentration was determined
by averaging the daily peak 1-hour NO, concentrations reported by ADEC (Air Quality Monitoring Data, 2024), making the
HONO concentration an upper-bound estimate. We do not account for changes in HONO sources throughout the year, which
likely changes the HONO-to-NO; ratio, but our estimate provides a reasonable upper-bound estimate of HONO (Kim et al.,
2014).

For estimating particulate brown carbon concentrations, we first calculated the monthly average PM.s concentration at the
CTC site using daily average PM.s concentrations reported by AKDEC (Air Quality Monitoring Data, 2024). Next, we
assumed 52% of the total PMys is OA, the annual average OA-to-PM.; fraction for Fairbanks reported by Kotchenruther
(2016). This results in OA concentrations similar to the water-soluble DOC we measured in our filter extracts in Fairbanks
during January and February of 2022 (Figure 4). During the summer, PM2sand OA concentrations are highly variable due to
the influence of wildfire smoke: the summer of 2021 (depicted in Figure 9b) was only moderately impacted by wildfire
smoke, while summers with severe wildfire smoke have much larger OA and BrC concentrations. Once the monthly average
OA concentration was determined, we used the average MAC, from water-soluble organic carbon measured with the House
site samples to calculate jerc>sc+. We do not determine the fraction of OA that is light-absorbing BrC, but instead we

determine the light absorbance by the BrC within the entire OA population using the OA-averaged MAC values.

13
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Table S1. Sample collection dates and times for 2022 ALPACA campaign

House Site: CTC Site:
Composite Name 2 Composite Filter Sample Collection ® Composite Filter Sample Collection ®

Start End Start End

1/15° 1/13 17:10 1/17 09:41 N/A N/A
1/21 1/17 10:00 1/25 09:30 1/17 13:59 1/25 08:52
1/27 1/26 10:00 1/28 09:30 1/26 10:20 1/28 09:06
1/31°¢ 1/29 10:00 2/309:30 1/29 09:31 2/3 09:00
2/4 2/3 10:00 2/6 09:30 2/309:46 2/6 09:04
217 2/6 10:00 2/8 09:30 2/6 09:38 2/8 08:59
2/14 2/8 10:00 2/21 09:30 2/8 09:30 2/21 09:05
2/22 2/21 10:00 2/23 09:30 2/2109:33 2/23 09:05
2/24 2/23 10:00 2/26 09:30 2/23 09:45 2/26 08:41

House Field Blank Composite CTC Field Blank Composite
Field Blank ¢ 1/18 09:00 (30 second collection) 2/9 09:34 2/9 09:37
1/25 09:00 (30 second collection) 2/20 09:29 2/20 09:31

@ Composites are named by the midpoint date of the sampling period. Start and end times are in 24-hr format.

® The House site contains a 45.5-hour filter sample between 1/14 12:40 and 1/16 10:16 that was included in the 1/15
composite. When this filter was extracted into water, it had higher solute concentrations purely based on having a longer
filter collection time compared to the 24-hour samples: the 1/15 composite was a 4-day composite but was only extracted
into the volume of solvent equivalent to 3-day composite, leading to a 0.75 concentration factor difference. The data
reported throughout the manuscript for the 1/15 sample is corrected for the high solute concentrations due to the longer
sampling time. In the S, each table with relevant data from the 1/15 sample indicates whether the data has been corrected

for this.

¢ Between 1/30 and 2/3, we collected separate day and night filter samples at the CTC site, covering 7 and 17 hours,

respectively.

dField blanks were prepared for each site by compositing the corresponding two field blank filter samples.
¢ Each filter composite is composed of several 24-hour filters combined to create a multiday composite.
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Table S2. pH values of particle extracts.

pH
Ste | sample [ Extraction | oy ey
1/15 1.3 0.87
1/21 1.3 1.23
1/27 5.6 4.39°
1/31 1.3 1.28
2/4 1.3 1.10
House
2[7 1.3 0.88
2/14 1.3 1.22
2/22 1.3 1.10
2/24 1.3 1.15
Field Blank 1.3 1.31
1/21 1.3 1.26
2[7 1.3 1.22
1/21 5.0 5.11
2/22 5.0 5.04¢
2/24 5.0 4.82¢
CTC 10.0 1.3 1.01
2.0 1.3 1.02
2/147 | 0.70 1.3 1.01
0.40 1.7¢ 1.08
0.30 1.89 1.13
Field Blank 5.0 490N

aThis is the pH of the H2SO4 solution (generally either 5x102 or 1x10-5 M) that was used to extract the PM s filters.

b This is the pH of the particle extract, which was used for photochemical experiments.

¢The pH after extraction was 6.73, which was adjusted to 4.39 with 75 pL of 10 mM H>SO..

4The pH after extraction was 5.82, which was adjusted to 5.04 with 53 puL of 10 mM H,SOs.

¢ The pH after extraction was 5.39, which was adjusted to 4.82 with 20 pL of 10 mM H,SO, and 13 pL of 10 mM NaOH.

f A series of dilutions were made for this sample, where different volumes of H,SO4 solution were used to extract each filter
square. The numbers on the different rows for this sample (10.0, 2.0, 0.70, etc.) represent the volume of solution (in mL)
used for a given dilution. The solution volume used for the other samples was 1.0 mL.

9 After using rotary evaporation to remove water, the pH of the 0.4x and 0.3x solutions are both expected to be 1.3.

" The pH after extraction was 6.81, which was adjusted to 4.90 with 85 pL of 10 mM H,SO..
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Table S3. Chemical probes (P) and their rate constants with oxidants (Ke+ox)

Probe kp+.o|—| (M'l 5'1) kP+1oz* (M’l S'l) kp+3c* (M’l S'l)
. . pH 1 4.30x10°
Benzoic Acid? - -
pH 5 5.69x10°
Furfuryl Alcohol 1.50x1010b 8.06x107°¢ -

pH1 | 1.5(x0.7)x10%°
pH5 | 2.0(x0.4)x10%

Syringol (SYR) ¢ 3.6(0.7)x107 6.7(x1.5)x10°¢

a At pH 1, where there is no significant dissociation of benzoic acid into benzoate, the rate constant is equal to the value for
benzoic acid (4.3x10° M s71; Anastasio and McGregor, 2001; Ashton et al., 1995; Wander et al., 1968). At pH 5 where
only 13.4% of benzoic acid/benzoate is protonated, the rate constant is a mole-fraction-weighted rate constant for the
reaction of *OH with benzoate (5.9x10° M s™1; Anastasio and McGregor, 2001) and benzoic acid. The resulting a mole-
fraction-weighted rate constant is 5.69x10° M sL,

® The rate constant of FFA with *OH was reported by (Ross and Ross, 1977).

¢ Furfuryl alcohol rate constant is temperature-corrected to 10 °C (Appiani et al., 2017). Other rate constants listed in the
table are not adjusted for temperature.

9Ksyr+son and Ksyr+ac+ Were measured at pH 2. We use the pH 2 *OH values for our pH 1 solutions and use the pH 2 rate
constants for both pH 1 and pH 5 experiments (Ma et al., 2022; Smith et al., 2015).

¢ Smith et al. (2015) measured Ksyr+sc+ Using triplet 3,4-dimethoxybenzaldehyde (*DMB*) at pH 2 and 5 and found notable
differences in Kp+sc+: 6.7(x1.5)x10° at pH 2 and 3.5(x0.8)x10° M s at pH 5. The pH dependence is because the pKa of
3,4-DMB is 3.3, suggesting the pH dependence is specific to the triplet state of 3,4-DMB and therefore should not be
applied to the entire pool of 3C* measured by syringol. We assume the Kp.sc+ at both pH 1 and pH 5 is equivalent to
6.7(x1.5)x10° M s1, the rate constant measured by Smith et al. (2015) at pH 2.

16



Table S4. Parameters for calculating mass transport of *OH(g) to particles and drops: Part |

Aerosol Liquid Cloud/Fog Drop
a
Water Content Water Conditions Conditions
PM-mass/H,0-mass ratio 5
(Mg-PM/ug-H20) ! 6x10
Particle/Drop Diameter (um) 0.7 14
Particle/Drop Volume (cmd) 1.8x101® 1.4x10°

assume Cs=0P

Mass Accommodation

Coefficient !
*OH(g) (mlc cm®) 3.0x10°
365
2The water content of particles qualitatively names the condition quantitatively defined by the PM-mass/H,O-mass ratio, i.e.,
the mass of a dry particle relative to the mass of liquid water.
b Assuming the concentration of *OH at the surface of the particle (Cs) is 0 makes our calculated P.oumt an upper-bound
estimate.
370
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Table S5. Parameters for calculating mass transport of *OH(g) to particles and drops: Part I1 2

e Mean Mean Free Path (cm)
Sample gg;?ir::iﬁt[zgrmsg? Molecular (assumes zero kinetic
Speed (cm s?) order theory)

1/15 0.20 5.62x10% 1.1x10%
1/21 0.19 5.59x10% 1.0x10°
1/27 0.19 5.60x10* 1.0x10°
1/31 0.18 5.49x10% 9.9x10°
2/4 0.20 5.64x10% 1.1x10%
217 0.20 5.61x10% 1.0x10°
2/14 0.20 5.62x10% 1.1x10%
2/22 0.21 5.76x10* 1.1x10%
2/24 0.22 5.78x10% 1.1x10%

aEquations are from Seinfeld & Pandis (2016).
375
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Table S6. Parameters for calculating mass transport of *OH(g) to particles and drops: Part I11 2

Aerosol Liquid Water Conditions ® Cloud/Fog Drop Conditions °
Fuch's Fuch's
Sample Knudsen | Transition Continuum | Transition P Knudsen | Transition | Continuum | Transition p
Number | Regime |Flux (mlc |Flux (mlc (I\/(I):ﬁ; Number | Regime | Flux (mlc |Flux (mlc (I\/(I)Z*'\g
(Kn) |Correction|drop™ st) | drop™ s?) (Kn) | Correction | drop*s?) |drop?s?)

Factor Factor
1/15 0.30 0.80 26 21 1.9x107 | 1.50x102| 0.989 520 514 5.9x1010
1/21 0.30 0.80 25 20 1.9x107 | 1.48x102%| 0.989 510 504 5.8x1010
1/27 0.30 0.80 26 20 1.9x107 | 1.49x102| 0.989 513 508 5.9x1010
1/31 0.28 0.81 24 19 1.8x107 | 1.42x102| 0.990 479 474 5.5x1010
214 0.30 0.79 26 21 1.9x107 | 1.52x102| 0.989 527 521 6.0x1010
207 0.30 0.80 26 21 1.9x107 | 1.50x102| 0.989 517 511 5.9x1010
2/14 0.30 0.80 26 21 1.9x107 | 1.50x102| 0.989 520 514 5.9x1010
2/22 0.32 0.78 28 22 2.1x107 | 1.60x10%| 0.989 567 560 6.5x1010
2/24 0.32 0.78 29 22 2.1x107 | 1.61x10%| 0.989 574 567 6.6x1010

@ Equations are from Seinfeld & Pandis (2016). P.on,mt is the rate of *OH(g) partitioning to the particles/drops, expressed in
terms of the aqueous volume, i.e., mol-*OH L *-solution s™.

380 P The water content of particles qualitatively names the condition quantitatively defined by the PM-mass/H,O-mass ratio,
i.e., the mass of dry particle solutes relative to the mass of liquid water. Cloud/fog droplets have a higher liquid water
content and larger particle diameters than aerosol particles (Table S4). Particle diameter is especially important for mass
transport because P.onmt (expressed in terms of liquid volume) decreases with increasing particle diameter, meaning
aerosol liquid water has much higher P«on,mt compared to cloud/fog drop conditions.

385
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Table S7. Characterization of sample composite periods: average PM s, temperature, relative humidity, and actinic flux

. Downwelling |x,310.550 nm
) PMys? Averagf Relative Albedo (photon cm2 s
Composite '3 Temp. Humidity fraction) @
(hg m~) °C) ¢ (%) (fraction) Solar Midday Three-Hour

Noon Average

1/15 7.5 -19 N/A N/A N/A N/A
1/21 12.0 -22 86 0.82 1.0x10%% 7.2x10%
1/27 17.7 -21 77 0.81 1.7x10'6 1.2x10'6
1/31 26.1 -31 75 0.72 3.2x10%6 2.3x10%
2/4 8.6 -18 80 0.85 1.0x10%6 8.7x10%
217 4.3 -20 77 0.90 1.3x10% 1.1x10%
2/14 7.2 -20 80 0.87 2.7x10%6 2.0x10%
2/22 3.6 -7 90 0.96 1.4x10% 1.1x10%
2/24 12.5 -5 90 0.85 3.5x10%° 2.9x1016

2 PM2s measured at the NCore site by the Alaska Department of Environmental conservation. Data is available at
https://www.epa.gov/outdoor-air-quality-data/download-daily-data.

b Temperature measured at the CTC site. Data is available at https:/arcticdata.io/catalog/portals/ ALPACA/Data.

¢ Relative Humidity reported at Airport Road by Environmental Research Division's Data Access Program (ERDDAP). Data
is available at https://erddap.sensors.ioos.us/erddap/tabledap/alaska-dot-rwis-255.html.

d Surface albedo determined using the ratio of the upwelling jnoz to the downwelling jnoz determined at the NCore site.

¢ Downwelling actinic fluxes measured using the Diode-Array Actinic Flux Spectroradiometer at the NCore site in
downtown Fairbanks (Simpson et al., 2024). The “Solar Noon” column reflects daily I, measured at 13:30, around solar
noon, averaged over a given composite. The “Downwelling Midday Three-Hour Average” column reflects the daily I,
averaged between 12:00 and 15:00 — the peak three hours of sunlight, then again averaged over each day in each
composite. We converted the downwelling actinic flux to the total (downwelling and upwelling) flux by multiplying it by
the sum of (1 + albedo).
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Table S8. Parameters used in TUV to model actinic fluxes during ALPACA

Latitude 64.840
Longitude -147.720

Overhead Column Ozone (du) ? 300

Surface Albedo (fraction) 0.85

Ground Elevation (km above sea level) 0.15

Measurement Altitude (km above sea level) 0.16
Optical Depth 0
Clouds? Base 4
Top 5

Optical Depth 0.235

Aerosols? S-S Albedo 0.99
Alpha 1

aStandard input parameters in the TUV model; these are not specific to Fairbanks.

21



405 Table S9. Characterization of water-soluble brown carbon in PM extracts (PME)
PM-Mass/H,0O-
Site Sample Mass R_altiga [D(?nﬂiw (m'\ﬁ"g%ﬂ‘s b (m'\é";%i; , | AAE® | E2/E3¢
(kg Hg™)

1/15,pH 1¢ 2.8(£0.2)x10* 2.8(20.2) 3.75 1.01 9.4 6.4
1/21,pH 1 2.6(x0.1)x10* 3.0(x0.2) 331 0.863 9.1 6.5
1/27,pH 4.5 3.0(+0.6)x10* 3.18(x0.06) 3.78 1.05 8.2 6.4
1/31,pH 1 3.2(£0.1)x10* 4.90(+0.06) 4.04 0.964 8.8 7.1
House 2/4,pH 1 1.7(x0.3)x10* 1.7(x0.2) 4.61 1.07 9.3 7.4
2/7,pH 1 4.7(£0.1)x10* 1.84(x0.02) 2.66 0.583 10.2 8.0
2/14,pH 1 1.9(x0.6)x10* 2.22(+0.04) 3.20 0.768 9.4 7.3
2/22,pH 1 1.8(+0.2)x10* 2.24(+0.09) 1.88 0.402 10.2 7.9
2/24,pH 1 3.3(x0.4)x10* 3.0(x0.1) 2.65 0.680 9.4 6.8

Field Blank, pH 1 | 1.2(0.2)x10* 0.23(x0.01) 0.246 0 N/A
1/21,pH 1 2.1(x0.1)x10* 2.70(x0.06) 341 0.999 8.3 6.4
1/21,pH 5 2.1(x0.1)x10* 2.70(x0.02) 3.55 1.10 9.1 7.0
2/7,pH 1 1.8(x0.1)x10* 1.86(x0.03) 2.16 0.577 7.3 5.8
2122, pH 5 2.2(+0.4)x10* 2.15(%0.03) 2.12 0.611 7.7 6.7
2/24,pH 5 2.1(x0.1)x10* 2.99(+0.06) 2.44 0.757 7.2 6.2
CTC 10 1.79(+0.04)x10° | 0.227(+0.003) 3.21 0.837 8.7 7.3
2.0 8.9(+0.2)x10° 1.15(x0.01) 3.13 0.831 8.9 7.1
pzlglzll,f 0.70 2.55(£0.04)x10* | 2.96(+0.01) 3.65 1.00 8.9 6.7
0.40 4.46(x0.09)x10* | 5.14(+0.06) 3.20 0.926 8.6 6.3
0.30 6.0(x0.1)x10* 6.55(+0.04) 3.18 0.966 7.9 6.0

Field Blank, pH5 | 1.7(x0.3)x10* | 0.122(+0.002) 0.878 0.328 N/A

2 PM-mass/H.0-mass ratio reflects the concentration of a given extract, expressed as the ratio of dry PM mass extracted from
a filter to the amount of liquid water in the extract. The extracted PM mass was measured from filters extracted into Milli-
Q water, and therefore we list the same PM Mass/H,O Mass ratio for the two extracts of the CTC 1/21 composite prepared
410 separately at pH 1.3 and pH 5. The blank filters have non-zero PM-mass/H,O-mass ratios because part of the filter
degrades upon extraction.
® MAC; values are calculated using the absorbance and DOC concentrations measured in the PM extracts. MAC; values
reported above use the DOC concentrations measured in the extracts, blank corrected for field blank DOC (reported for the
two sites above). This assumes that the minor DOC contamination has minimal impact on the measured absorbance of
415 extracts, a fair assumption because the background DOC concentrations are low (< 10% of the measured DOC
concentration) and the MAC,, of the blanks are lower than the field samples.
¢ AAE is the absorption Angstrom exponent, calculated between 300 and 450 nm.
4 E2/E3 is the ratio of BrC absorbance at 250 nm to that at 365 nm (Helms et al., 2008; Peuravuori and Pihlaja, 1997).
¢ Note that the 1/15 composite was a 4-day composite but was only extracted into the volume of solvent equivalent to 3-day
420 composite, as it used a filter sample collected for 45.5 hours instead of the standard 24-hours. The DOC concentration
shown here was measured directly in the extract and not corrected for the 75% dilution factor, which needs to be used to
compare the PM-Mass/H,O-Mass Ratio and DOC concentration in the 1/15 composite to the all other composites. The
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DOC concentration in ALW corrects for this difference in the calculation for DOC in ALW, which accounts for variability
in the air volume collected on each filter, as described in section S6.

425 TFor the CTC 2/14 dilution series, the PM-mass/H,O-mass ratio was only determined for the 0.70 dilution sample, the PM-
mass/H,0O-mass ratio values for the 10, 2.0, 0.40, and 0.30 dilutions were calculated by extrapolation. See Table S2 for a
description of this dilution series. The DOC concentrations and absorbance parameters were measured for each dilution.
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Table S10.

Solar simulator experimental data I: p-HBA formation and first-order rate constants for probe loss

_ Rate of p-HBA Experimental Probe Loss (jons = 0.0045 s) @
Site Sample : i1y b
Production (UM min™) Kexpea (57) P K'exp.rra (57) K'expsvr ()
1/15,pH1°¢ 2.2(£0.2)x10% 8.8(x0.7)x10¢ | 1.2(x0.2)x10* | 9.2(x1.1)x10*
1/21, pH 1 1.0(x0.1)x10°3 7.9(20.7)x10% | 1.3(x0.05)x10* | 1.2(+0.05)x103
1/27, pH 4.5 6.1(20.1)x10° 2.7(20.2)x10% | 1.2(x0.05)x10* | 1.5(x0.07)x10%
1/31,pH 1 3.2(0.1)x103 7.7(x0.5)x10% | 1.4(x0.07)x10% | 9.2(+0.5)x10*
2/4, pH 1 1.2(+0.2)x10°% 6.5(x1.1)x10 | 1.4(x0.9)x10° | 3.8(+0.2)x10%
House 2/7,pH 1 6.3(+0.9)x10" 3.3(+0.2)x10 8.6(+0.2)x10 7.9(+0.7)x10"
2/14, pH 1 3.2(20.2)x10° 1.8(20.09)x105 | 1.1(x0.09)x10% | 9.2(+0.5)x10*
2/22,pH 1 1.1(x0.1)x10°3 50(x0.5)x10¢ | 8.3(x0.5)x10° | 7.7(x0.5)x10*
2124, pH 1 7.4(1.1)x10* 7.0(20.5)x10% | 1.2(x0.07)x10* | 7.4(+0.5)x10*
Fie'gf’f‘“k’ 1.2(20.2)x10* 1.6(x0.09)x10¢ | 1.1(0.05)x105 | 9.2(+1.4)x10%
1/21, pH 1 8.3(1.6)x10* 7.9(20.2)x10% | 2.6(x0.2)x10° | 1.4(+0.07)x103
1/21, pH 5 3.2(20.2)x10 3.4(£0.09)x10% | 1.4(x0.07)x10% | 5.0(x0.2)x10*
2/7,pH 1 5.9(0.2)x10 5.4(x0.2)x10¢ | 1.3(x0.09)x10* | 9.7(0.5)x10*
2122, pH 5 1.8(+0.2)x10 15(x0.2)x10% | 8.1(x0.2)x105 | 7.2(+0.9)x10%
2/24, pH 5 2.0(0.4)x10 15(x0.1)x10® | 9.5(x0.9)x105 | 1.5(x0.09)x10*
cTC 10 2.1(0.4)x10* 2.4(20.1)x10% | 2.9(x0.1)x10° | 1.1(+0.07)x10%
2.0 6.3(0.7)x10 4.7(x0.2)x10¢ | 1.0(x0.07)x10* | 3.1(x0.2)x10*
p2|41;1,d 0.70 4.5(+1.4)x10* 77(x05)x10¢ | 25(x0.1)x10% | 5.4(x05)x10*
0.40 5.2(+0.9)x10 5.6(x0.7)x10¢ | 2.7(x0.2)x10% | 5.0(x0.2)x10*
0.30 7.2(0.5)x10* 47(20.5)x10¢ | 2.0(0.1)x10* | 4.3(20.2)x10*
Fie'gl_?g"“k' 4.5(+0.9)x10° 27(+1.6)x107 | 1A4(x05)x108 | 0.9(+1.8)x10°

8The k> for experimental probe loss is the pseudo-first order rate constant for probe loss observed from every experiment
where 1 mL of PME was spiked with 10 uM of each probe and illuminated in our solar simulator. These values are
normalized to a single jong value to account for variations in the intensity of the lamp in the solar simulator between
experiment days.

®The rate of p-HBA production and the loss of BA were both used to calculate [*OH]. The [*OH] reported here is the average
of the [*OH] determined by both methods.

¢ Note that the 1/15 composite was a 4-day composite but was only extracted into the volume of solvent equivalent to 3-day
composite, as it used a filter sample collected for 45.5 hours instead of the standard 24-hours. The values shown here were
measured for the true DOC concentration in the extract and not corrected for the 75% dilution factor. We calculated the
photooxidant concentrations in the 1/15 extract using the &’exep reported here, which we then corrected for the higher
solute concentrations using the trends observed in our dilution experiment: *OH concentrations are not dependent on solute
concentrations, but 3C* and *O2* concentrations are. As such, we did not adjust the *OH concentration, but we did adjust
the 3C* and O2* concentrations by the ratio of the volume of solute used for the extraction to the volume that would have
been used for the extraction is the 45.5-hour filter has been two 23.5 hour filters. The 1/15 composite was a 4-day
composite but was only extracted into the volume of solvent equivalent to 3-day composite, the solute concentration
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should be 75% of the 1/15 House site extract. As such, in our calculations, the 3C* and O,* concentrations were
multiplied by 0.75 to reflect this so that the concentrations shown in Figures 5 and 7 account for this.? See Table S2 for a
description of this dilution series.
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450 Table S11. Solar simulator experimental data 11: Rate of light absorbance, screening factor, and inhibition factor

—— Screening Factor Inhibition Factor (IF, unitless)
Site Sample (m;IS'L'fS'l) . (300 - 500 nm, FEAC SYR SYReorr
unitless) ° (uncorrected) (corrected) ¢
1/15,pH1°® 8.0x10° 0.93 0.57(0.093) | 0.21(x0.075) | 0.38(20.15)
1/21, pH 1 7.9x10° 0.94 0.78(x0.065) |  0.84(0.11) 1
1/27, pH 4.5 1.1x10% 0.93 0.35(+0.034) | 0.063(x0.0080) | 0.18(+0.028)
1/31, pH 1 1.6x10° 0.89 1.5(x0.14) 0.20(+0.040)
House 2/4, pH 1 5.3x10° 0.96 0.36(0.034) | 0.23(£0.039) | 0.64(0.13)
2/7,pH 1 2.9x10° 0.97 0.99(+0.11) | 0.93(+0.21) 0.94(20.23)
2/14, pH 1 4.9x10° 0.96 0.59(+0.057) |  1.1(+0.13) 1
2/22, pH 1 2.5x10° 0.97 0.98(20.55) 1.3(+0.12) 1
224, pH 1 4.7x10° 0.95 0.68(0.046) | 0.64(+0.080) | 0.94(0.13)
Field Blank, pH 1 1.0x107 1.00 0.70(+0.060) | 0.95(0.058) 1
1/21, pH 1 9.0x10° 0.86 0.67(0.055) | 0.99(+0.17) 1
1/21, pH 5 1.1x10° 0.87 0.53(+0.070) | 0.14(20.047) | 0.26(+0.090)
2/7,pH 1 1.1x10% 0.84 0.59(+0.050) |  1.1(+0.10) 1
2/22, pH 5 4.9x10° 0.87 0.76(20.045) | 0.018(x0.0050) | 0.024(+0.0070)
2/24, pH 5 9.5x10° 0.88 0.63(+0.065) | 0.033(x0.016) | 0.053(+0.026)
CTC 10 6.4x107 1.00 0.78(x0.049) | 0.54(20.050) | 0.69(+0.078)
2.0 3.2x10° 0.98 0.59(+0.044) | 0.29(+0.037) | 0.49(0.072)
2l 1‘1"pr 0.70 9.8x10° 0.93 0.35(+0.024) | 0.064(x0.030) | 0.18(x0.088)
0.40 1.6x10% 0.89 nd ¢ 0.090
0.30 2.5x10° 0.88 1.2(+0.10) 0.066(0.026)
Field Blank, pH 5 2.7x107 1.00 0.95(+0.30) 12(x0.14) | 1

2 Rans,exp,pMe IS the rate of light absorbance in the PM extract in the solar simulator, summed between 300 and 550 nm.
Values were calculated for a photon flux condition of jong = 0.0045 s, the calculated rate constant for 2NB photolysis on
midday of February 1% in Fairbanks under clear sky conditions.

455 P Screening factor calculation explained in Section S2.

¢When IFgea is greater than 1, we assume there is no suppression of [3C*] due to quenching by DOC and therefore IFgea is
equal to 1, meaning IFsyr.corr is equal to IFsyr (Ma et al., 2023).

dWhen IFsyr is greater than IFga, we assume no inhibition of SYR occurs and set 1Fsyrcor equal to 1 (Ma et al., 2023).

¢ Note that the 1/15 composite was a 4-day composite but was only extracted into the volume of solvent equivalent to 3-day

460 composite, as it used a filter sample collected for 45.5 hours instead of the standard 24-hours. The rate of light absorbance
in PME shown here was calculated for the true DOC concentration in the extract and not corrected for the 75% dilution
factor, which needs to be used to compare the rate of light absorbance in PME for the 1/15 composite to the rate of light
absorbance in PME in all other composites.” See Table S2 for a description of this dilution series.

9Due to limited available sample volume, IF values were not measured for the CTC 2/14 0.40 dilution series sample.

465 Instead, this IF value was estimated for this sample using the linear relationship between 1/IFsyr corr and [DOCJeme from
the other solutions (Ma et al., 2023).

26



Table S12. Exploring sources of *OH in PM extracts

site sample | POASCTNE | NO; (uM) | NOs (um) | feoer | feomes | Brook,
1/15,pH 1¢ 3.8x10° 0 272 0 2.4x1011 6.9x10°°

1/21,pH 1 2.5x10° 0 268 0 2.4x1011 8.3x10°

1/27,pH 4.5 1.0x10° 0 437 0 3.9x101t 3.6x10°

1/31,pH 1 9.3x10° 0 291 0 2.6x101! 2.2x108

House 2/4,pH 1 1.4x10° 0 170 0 1.5x101 4.9x10°
2/7,pH 1 7.7x1010 0 84 0 7.6x101? 4.1x10°

2/14,pH 1 1.6x10° 0 163 0 1.5x101 5.7x10°

2/22,pH 1 1.7x10° 0 145 0 1.3x1011 2.5x10°

2/24,pH 1 2.0x10° 1 276 1.7x101 2.5x101t 4.8x10°

470

2 All rates shown here are normalized to jong ak = 0.0045 s conditions. P.onexpeme is the estimated rate of *OH formation
in the extract, calculated from the measured [*OH] (equation S6). Peonno2- and Peon nos- are the rates of *OH formation
from the direct photolysis of nitrite and nitrate, respectively, in the extract and Pnoon is the production rate of HOOH
determined in each extract (Sunday et al., 2024).

475 P jnosz->eon (1.4%x1077 s71) and jnoz->eon (2.6x10°° s1) are rate constants reported by Anastasio & McGregor (2001) for our
solar simulator, normalized to Davis midday winter solstice sunlight, where jong = 0.007 s. Here, we adjusted the rate
constants for *OH formation from nitrate and nitrite to Fairbanks conditions on February 1 (jang ak = 0.0045 s2), i.e., jnos-
se0n=9.0x108 s and jnoz->eon = 1.7x105s 2,

¢ Note that the 1/15 composite was a 4-day composite but was only extracted into the volume of solvent equivalent to 3-day

480 composite, as it used a filter sample collected for 45.5 hours instead of the standard 24-hours. The production rates and
concentrations in PME shown here were calculated for the true DOC concentration in the extract and not corrected for the
75% dilution factor, which needs to be used to compare the 1/15 composite to other composites.
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Table S13. Kinetic model for dilution series

: Dominant loss pathways for oxidants 2

Percent of 3C* loss © Percent of O.* loss
Sample: k' for *OH loss
CTC 2/14,pH 1 to DOC (s1) b
to DOC to O2 to DOC to H.0
PME 10 7.9x10* 98 0.01 99.99
PME 2.0 4.1x10° 91 0.04 99.96
PME 0.70 1.1x108 20 80 0.10 99.90
PME 0.40 1.8x108 31 69 0.17 99.83
PME 0.30 2.3x10°8 36 64 0.22 99.78
Extrapolation to ALW 8.6x10° 99.95 0.05 89 11

aDilution series was performed on the CTC 2/14 pH 1 composite. See Table S2 for more information about the dilution

series.

b First-order rate constant for OH loss due to reaction with DOC, estimated as the product of the measured DOC
concentration and the second-order rate constant for DOC + *OH, 3.8(+1.9) x 108 L mol-C* s%, from Arakaki et al.

(2013).

¢ Rate constants for triplets reacting with DOC and dissolved oxygen are in Section S4. [O2] in Fairbanks particle water was
determined using the temperature-adjusted Henry’s Law constant (Sander, 2023) assuming solutions are air saturated. In
laboratory conditions at 10 °C, [O-] was assumed to be 272 uM; this value was used for the dilution series calculations
shown in the table. For ALW conditions predicted in Fairbanks and shown in the table, we used the average temperature

for this sample (-20 °C; Table S7).
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Table S14. Parameters for modelling photooxidant concentrations from PM extracts to aerosol liquid water conditions

Oxidant Rate Constant Value Source
*OH keor+poc (L mol?-C s?) 3.8(+1.9)x108 (Arakaki et al., 2013)
10,% k'102+++20 (S™) 2.8(x0.02)x10° |  (Appiani et al., 2017)
kio2=+poc (L mol-C st 1.0x10° (Maet al., 2023)
ksc*+poc.syr (L moli-C s?)? 7.0x107 (Ma et al., 2024)
3c* kac=+pocrra (L mol-C s1) P 1.0x107 (Ma et al., 2024)
kacx+02 (Mt s?) 2.8x10° (Kaur et al., 2019)

500 2This rate constant for reactions of DOC with oxidizing 3C* was measured by Ma et al. (2024) using syringol as a probe.
b This rate constant for the reaction of DOC with the entire pool of 3C* was measured by Ma et al. (2024) using furfuryl
alcohol as a probe for 1O,*. Singlet oxygen is a proxy for the entire pool of *C* since every triplet should be able to
produce *0,*, while only oxidizing triplets can react with syringol.

505
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Table S15. Estimated aerosol liquid water characteristics: Rate of light absorbance, DOC, and concentration factor

. Rabs, Ak, ALW CF, or
Site Sample (mol L)@ [DOClaLw (M) [DOC]auw / [DOC]owe®

1/15,pH 1 3.0x10%? 16(x1) 6.2x10°

1/21,pH 1 2.0x1072 17(+1) 6.0x103

1/27,pH 4.5 4.3x102 19.0(+0.4) 6.4x10°

1/31,pH 1 6.5%102 21.1(+0.3) 4.5x103

House 2/4,pH 1 4.9x102 22(£2) 1.5x10*

2/7,pH 1 9.9x10%2 62(x1) 3.9x10%

2/14, pH 1 7.3x1072 23.6(+0.5) 1.2x10°

2/22, pH 1 1.6x107 15.2(+0.7) 7.6x103

2/24, pH 1 2.4x1072 6.2(+0.2) 2.3x10°

1/21,pH 1 1.7x107 9.6(0.3) 3.7x103

1/21,pH 5 1.9x102 9.6(+0.2) 3.7x10°

cTe 2/14, pH 1 8.7x1072 23.0(+0.1) 8.3x103

2/7,pH 1 3.4x10° 47(+1) 2.7x10*

2/22,pH 5 1.8x107 8.9(0.2) 5.4x103

2/24,pH 5 5.5x107 4.8(0.1) 1.7x10°

2 Rate of light absorbance in particle water under the midday Fairbanks sunlight measured for the middle day of each
composite, Rans Ak aLw, calculated over the range of 300 to 550 nm.

® The ratio of DOC concentration in aerosol liquid water compared to that in the lab PM extract. This is the factor by which

the PME concentration of a stable species (i.e., not a photooxidant) is multiplied by to estimate the ALW concentration. The

ratio was determined as described in Section S6. For the dilution series sample (CTC 2/14), the CF is expressed based on the

DOC concentration expected for a filter square extracted with the standard volume (1.0 mL) of solution, which was

interpolated from the DOC values of the dilutions.
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Table S16. Modelling photooxidant production in PME and ALW under Fairbanks actinic flux conditions

oOH 30* 102*
. 1 . . Loss of 3C* | Loss of 3C* Loss of Loss of 10,*
sample [(O“zg/?)Lgv P (M%) | e (%) t0 DOC (%) | to O (%) i%gzg [;gé*(f,z) o H,0 (%)
(Smi) {:;YY) (%E) (/:'1‘(‘)’_!) pvE |ALw | PME [ALw| A5 [pmE| ALw | PME | ALW
1/15,pH1 | 641 | 5.9 1.9 11 6 10 90 45 87 13
1/21,pH1 | 685 | 58 1.9 12 10 | 10 90 5.1 92 8
1/27,pH 45| 669 | 5.9 1.9 12 11 89 6.1 89 11
| 1/31,pH1 | 845 | 55 1.8 19 13 87 5.4 88 12
3| 2/4,pH1 | 615 | 60 19 | 65 94 14 86 14
2/7,pH1 | 654 | 5.9 19 | 70 | 10 93 12 94
2/14,pH1 | 643 | 509 19 | 84 9 92 17 91
2/22,pH1 | 487 | 65 21 | 85 | 10 | 10 |>99| 90 |<1| 74 |<1| 94 |>99| 6
2124, pH1 | 469 | 6.6 2.1 11 14 86 21 90 10
1/21,pH1 | 685 | 5.8 1.9 10 91 9.3 87 13
1/21,pH5 | 685 | 58 1.9 10 91 7.4 87 13
O| 2/7,pH1 | 654 | 59 19 | 71 | 10 93 18 93 7
Ol 2114,pH1 | 643 | 59 1.9 11 | 87 | 10 90 27 78 9
2/22,pH5 | 487 | 6.5 21 | 82 10 90 9.7 90 10
2/24,pH5 | 469 | 6.6 2.1 11 6 14 86 3.1 87 13

2[O2] in ALW was estimated using the temperature-corrected Henry’s Law constant (Sander, 2023) and the composite-average Fairbanks

temperature listed in Table S1.

520

conditions, respectively.

¢ Pseudo-first-order rate constant for *OH loss due to reaction with DOC. PME and ALW values are multiplied by 10 and 107, respectively; e.g.,
the House 1/15 rate constants are 11x10° and 6x10° s for PME (cloud/fog) and ALW conditions, respectively.

525
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b Rate of mass transport of gas-phase *OH to ambient water drops (where PME conditions are equivalent to a cloud/fog drop) or particles (ALW
conditions), calculated using the parameters described in Tables S4 — S6. PME and ALW values are multiplied by 10'° and 107, respectively,
to make them easier to display in the table. For example, the House 1/15 rates are 5.9x107° and 1.9x10~" M s for PME (cloud/fog) and ALW




Table S17 (a) and (b). Lifetimes of organic compounds due to reactions with (a) *C* and *OH and (b) *O.* and *OH.

Rate Constant (M*s?)2 | Lifetime of Compound ¢
Compound - . . "
C OH C* (hrs) OH (hrs)
Syringyl Acetone 4.5x10° 1.4x10% 0.074 9.1
Syringic Acid 3.2x10° 9.4x10° 0.10 14
Syringol 6.7x10° 1.5%x10% 0.50 8.5
Guaiacyl Acetone 3.3x10° 8.8x10° 0.10 15
Guaicol 3.2x10° 6.8x10° 0.10 19
Ferulic Acid 3.4x10° 1.3x10%° 0.098 9.8
Rate Constant (M s?) b Lifetime of Compound ¢
Compound 1 . T ;
Oy* OH 0y* (hrs) OH (hrs)
Benzimidazole 2.5x108 7.9x10° 12 16
Imidazole 4.0x107 6.4x10° 0.75 20
Indole 4.5x107 1.4x10%° 0.67 9.3
Vanillin 4.6x108¢ 4.2x10%¢ 6.6 30
Syringol 3.6x107 1.5x10%0f 0.84 8.5
4-Nitrophenol 2.5x108 4.1x10° 12.1 31
Histidine 7.0x107 4.8x10° 0.43 27
Tyrosine 8.0x108 1.3x10%° 3.8 9.8
Tryptophan 3.4x107 1.3x10% 0.89 9.8
Methionine 1.6x107 7.4x10° 1.9 17
Cysteine 8.3x108 1.9x10%° 3.6 6.7
Resorcinol 2.0x107 5.8x10° 1.5 22
Hydroquinone 2.5x107 1.1x10% 1.2 12
Niclosamide 2.3x107 7.5x10° 1.3 17

530 2 Rate constants reported by Ma et al. (2021) and Arciva et al. (2022) were measured at pH 2 and at 20 °C.
b Rate constants reported by Manfrin et al. (2019) unless otherwise noted.
¢ Lifetimes were determined using the average peak three-hour photooxidant concentrations from all House site samples; [3C*] = 8.4x10® M;
[102*] = 9.2x10%2 M; [*OH] = 2.2x10°15 M.
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¢ Manfrin et al. (2019) lists a Kyaninin+102+ 0f 3.6x10% M s, which was measured by Machado et al. (1997) in methanol and is an order of

535 magnitude smaller than the 4.6x10°% M s measured by Zhou et al., 2023) in water. We calculate the lifetime of vanillin with respect to 10,*
using the Zhou et al. (2023) value reported in the table.

¢ Manfrin et al. (2019) use an estimated Kyanitiin+eor Of 4x108 M s, which is 10 times smaller than the rate constant for vanillyl alcohol and *OH

at pH 2 measured by Arciva et al. (2022). Here, use the measured kyaniliyi aiconot+eor Of 8.2x10° M s reported by Arciva et al. (2022) as a proxy

for the rate constant of vanillin with *OH.
540 f Manfrin et al. (2019) reported a Ksyringoi+son Of 5.8x10%° M 51, which is roughly four times higher than the rate constant at pH 2 measured by

Smith et al. (2015).
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Table S18. Kinetics and assumptions used to model secondary SO4% Formation. All oxidants and oxidation pathways are aqueous unless noted

otherwise.
Oxidant Reaction Kinetics Description & Assumptions Reference
The rate constant listed here is assumed to be
the same for all three inorganic S(1V) species: (Wang et al
sC* kacrssav) = 1.3x108 M1 st S0,-H;0, HSO3, and SOs%. The rate constant 20920 N
was not adjusted for temperature. The 3C* )
activity coefficient is assumed to be 1.
The production rate of SO4* from HOOH is
equal to the production rate of HOOH in the
range of [inorganic S(IV)] predicted for (Anastasio et al.,
HOOH Psoa2- = Proon (S19) Fairbanks particles (Sunday et al., 2024). The 1997; Sunday et
production rate was not adjusted for al., 2024)
temperature. The HOOH activity coefficient is
assumed to be 1.
Pmeasured _ \/7
lOg Ppredicted,l:o -a (T‘ﬁ) + b[ (820)
a = 1.475(+0.004)
b =0.070(x0.001) kg mol* Equations were determined by fitting
experimentally determined ratios of S(1V)
oxidation rates, —measured _ \with jonic
p predicted,I=0 4 (Yu ot al
measured _ strengths between 2 and 14 mol kg "
Pago; = Pyredicted1=0 (ko[S0; - Hz0] + ky[HSO57] 2023). [O3] was predicted with the Henry's Law
Os ’ constant adjusted for temperature and ionic (Yuetal, 2023)
+ky[SO5*7])  (S21) strength. The correction for ionic strength of
the Henry's Law constant for ozone was
validated only until Is = 0.6 M but is used here
2297 Is until s = 23 M. The rate constant was not
Ho, = o (S 2:659x15+688x:3-12.19) (S22) adjusted for temperature.
ko = 2.4x10* Mt st
ki =3.7x10° Mt st
ko = 1.5x10° M1t
pH<42 The equation to correct the rate constants for
Pgo,2- = ks [H]7974[SAV)][Mn(ID][Fe(II)]  (S23) | ionic strength was determined for Is <2 M. We
. assume this relationship holds for the entire
TMI+0; | ky =3.72 x 107 x e(T8#3L6xXG-1/29M)y-25-1  (5p4) range of ionic strengths predicted for our

pH > 4.2

particles (maximum Is = 23 M). The activity
coefficients (y;s) of metal species were
determined using the equations listed here.

(Ibusuki and
Takeuchi, 1986)
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Pso,2- = ka[HF1%7[SAV)][Mn(ID)][Fe(lID)]

ky = 2.51 X 1013 x e(843L6XG1/29M)-26-1 (576
(Martin & Hill,
k O\ -3.02 1987)
l0gso (7z5) = e (527
For Mn(l1):
-2;%x0.5109 ,/Ig
logyo(yis) = ZlﬂTJTS (528) (Sozngzit)ah
For Fe(IIl), yis= 0.001
ko (T)[M]
koo (T)
koMM Z)
— 0
2= (1+]iog,, (U2EN]) (530
ko(T) = k 300 (l)_n (S31) [O2] and [N2] were determined assuming the
Gas-phase 0 0 300 ideal gas law applies and that O, and N2 (Cheng et al.,
*OH 300/ T \™ M account for 21% and 78% of the gas molecules 2016)
koo(T) = koo (ﬁ) (S32) in the atmosphere.
[M] = concentration of N, and O,
ko3% = 3.3x10°% cm® molecule? s'1
n=4.3
k3% = 1.6x1012 ¢cm® molecule™ s
m=0
Seinfeld & Pandis (2016) report a multistep
mechanism with 14 different rate constants.
Here, we make two assumptions. First, we
assume HSOs' is the dominant inorganic S(1V)
species and that its activity is equal to that of
Aqueous- _ A R inorganic S(1V). Second, we assume the first (Seinfeld &
phase *OH Keonshisos- = 4.5x10° M~ 5™ (at 298 °K) step of the reaction is the rate-determining step, Pandis, 2016)

and therefore that Keon+Hsos- defines the rate of
S0O4* formation. The rate constant was not

adjusted for temperature or ionic strength. The

activity coefficient of *OH is assumed to be 1.

35




545

While several values of knoz+sav) have been

(Lee & Schwartz,

B N reported across a range of pH values, the value 1982)
knozssqv) = 1.4x10° M s (pH < 5) at pH < 5 is disputed. The reaction of NO; with
S(1V) is highly pH dependent, with higher pHs (Clifton et al.,
associated with faster reactions with rate 1988)
Pgo,2= = kno2+san) [SUV)][NOzaq)]  (S33) constants an order of magnitude higher than the
Knoz+sqvy reported here. However, Tilgner et al.
(2021) explain that the fast rate constants (Cheng et al.,
NO2 10g10 (IL_) =cl, (S34) measured in dilute solution are not likely to be 2016)
kis=0 relevant in the briny, high ionic strengths
c=0.01 characteristic of aerosol liquid water. They
report knoz+rsos- 0f 13 M s and knoz+sos-2 Of
270 M1 st Here, we use knoz+sav) at pH < 5 (Seinfeld &
Is=0 _ 2516.2%(2——— for both the low and high pH regimes. The rate Pandis, 2016)
Hyo, =1.0x10 : X e( g 298)) (835) constant was not adjusted for temperature. The
activity coefficient of NO2 was assumed to be
equal to the activity coefficient of S(1V).
pH<4
Rgp,2- = ks[HY1®S[N(IID][SUV)]  (S36)
ks = 143 M®2 g1
[N(111)] is the total aqueous-phase (Wang etal.,
3<pH<7 concentration of HONO and NO>", estimated 2020)
Rgp,2- = ke[HT][NUID][SUV)]  (S37) using the temperature-corrected physical
ke = 4800 M2 st Henry's law constant converted to the effective
HONO constant using the mole fraction for nitrous
acid (ug). The rate constant was not adjusted for
_os .1 temperature or ionic strength. The activity
H5=0  — 49 x e<(1.987x10_3)x(298-15 T)> (538) coefficient of HONO was assumed to be equal .
HoNO to the activity coefficient of inorganic S(IV). (Seinfeld &
[NGID] = [HONO] + [NOp 7] = (s39) Pandis, 2016)
@y =—7— (S40)
[HH]
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Table S19. Composite-averaged, midday ALW oxidant concentrations and gas-phase concentrations used to model secondary sulfate formation

Oxidant 2 Sample
1/15 1/21 1/27 1/31 2/4 2/7 2/14 2/22 2/24
*OHg (mlc cm™3) ® 3x10°
SO, (ppb) 7.8 11 12 20. 8.5 3.8 7.3 5.2 8.6
HONO (ppb) N/A 0.62 0.76 0.91 0.45 0.24 0.37 0.31 N/A
0 (ppb) 9.0 6.0 5.0 0.9 15.0 20.0 13.0 18.0 4.0
(M) N/A | 6x10 | 9x101° | 1x10° | 3x10° | 3x10°% | 1x10° | 3x10%° | 6x10™
3C* (M) © 9x10%8 | 2x10% | 2x10™® | 3x10%? | 6x10%° | 1x10%% | 1x10%% | 3x107%® | 3x10%3
NO; (M) N/A | 8x10%0 | 1x10° | 3x10° | 1x10° | 7x10%0 | 1x10° | 6x10%0 | 9x10%0
N(ITT) (M) pH 1 N/A 5x107 | 5x107 | 1x10% | 2x107 | 1x107 | 2x107 | 9x10°® N/A
pHS5 N/A 7x10°% 8x10° 2x10* 3x10°% 2x10° 3x10° 1x10° N/A
pH1 | 2x10%5 | 7x10%® | 4x10% | 4x10%5 | 8x101® | 7x10%® | 2x1016 | 2x1071¢ | 3x10%°
"OHaq (M) pH5 | 5x10%6 | 2x107%6 | 1x1016 | 1x105 | 3x106 | 2x10%6 | 6x10%6 | 5x10%6 | 9x10°16
Few (M} 19 pH1 N/A 5x10°% 2x10® 5x10°% 8x10° 5x10°% 5x10° 1x10° 1x10°
pH5 N/A 7x106 2x106 1x10°% 1x10° 3x10® 2x10® 3x107 6x107
Mnag {M} " pH 1 N/A 1x10* 7x10°% 1x10* 2x10* 2x10* 1x10 6x10°° 5x10°°
pHS5 N/A 9x10°% 7x10°% 9x10°% 1x10* 2x10* 9x10°% 3x10°% 3x10°%

3 Concentrations of 3C* and *OH,q represent the midday peak three hours of sunlight for each filter, averaged across all days in the composite.
Concentrations of NO,, O3, and HONO are averaged over the entire time period of each composite, not just the peak daylight hours.

b The gas-phase *OH concentration is the predicted peak daytime concentration averaged over the campaign (Kuhn et al., in preparation). The
subsequent rate of sulfate formation from gas-phase *OH is an upper-bound daytime value. The *OH concentration predicted in Fairbanks is
higher than typically expected for northern latitude winter conditions due to the abundance of HONO, which is the dominant daytime gas-phase
*OH source in Fairbanks (Kuhn et al., in preparation).

¢ The relative standard deviation for the predicted 3C* concentrations in ALW ranges from 45 to 74%.

4The secondary sulfate formation model is based on measurements in the House site extracts, which we only extracted in pH 1 solution. [*OH] at
pH 5 was estimated using [¢OH] s = [¢OH],u; X 0.42 based on the ratio [¢OH],5: [¢OH] 4, determined in the CTC samples (Figure 5).

¢ The relative standard deviations for *OH concentrations in ALW at pH 1 and 5 range from 6 to 25%.

fSoluble metal concentrations were measured in dilute particle extracts (Sunday et al., 2024) prepared from separate filter squares extracted into
pH 1 H2SO4 solution and into Milli-Q water to determine the pH 1 and 5 metal concentrations, respectively. The concentration of metals in
ALW was determined by multiplying the measured concentrations in particle extracts by the concentration factor between extracts and ALW
conditions (Table S15).
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9 The fraction of the total water-soluble Fe pool that is Fe(ll) during daylight hours is estimated to be 80% (Deguillaume et al., 2004). We

considered this in our calculations by multiplying the concentrations reported in the table by 0.2, the fraction of Fe(lIl) available for reaction
565 during daylight hours. To calculate the activity of Fe, we use the activity coefficient of 0.001 reported by Song et al. (2021) for both Fe(I11) and
Fe(ll).

P The fraction of the total water-soluble Mn pool that is Mn(ll) during daylight hours is estimated to be 70% (Majestic et al., 2007). We
considered this in our calculations by multiplying the concentrations reported in the table by 0.7, the fraction of Mn(Il) available for reactions
during daylight hours. To determine the activity of Mn, we calculated activity coefficients between 0.06 and 0.09 as described by Martin & Hill

570 (1987).
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Table S20. Secondary sulfate model components: ALWC, ionic strength, total SO4%, fraction 2° SO4%, HMS, & inorganic S(1V)

= . - Inorganic S(1V) (and labile organo-S(1V) complexes)
o & 2| 2 |52 8 o ' .
Sample § f» % E g =3 % Bl |SE ASc(tllx)ty Measured * Hg?égiittzw '\,/l\C)c(:SnF;/ r?lj\;lc}t%d
o3| < g E g E 3 08 * g Coefficient Activity {M} C Hiah oH
2 & (n)  |(gm®)| My | pH1 | pH5 | 2T | TP
1/15 7.5 9.4 13 N/A
1/21 12.0 12 13 3.0 19 0.29 0.73 0.37 0.27 | 9x10® | 6x10° | 0.01 0.002
1/27 17.7 11 14 4.0 28 | 0.50 0.70 0.76 0.58 | 9x10® | 1x10* | 0.01 | 0.0005
1/31 26.1 16 15 6.5 23 1.2 0.77 14 0.85 | 2x107 | 6x10* | 0.07 0.02
2/4 8.6 49 23 3.3 36 0.42 0.52 0.47 0.61 | 8x10® | 6x10° | 0.006 0.001
217 4.3 1.9 18 1.2 53 | 0.039 0.62 0.035 | 0.14 | 2x10® | 1x10° | 0.003 | 0.0008
2/14 7.2 6.1 14 2.1 37 0.12 0.69 0.15 0.21 | 5x10°® | 1x10° | 0.01 0.005
2/22 3.6 9.5 5 1.0 57 0.07 0.82 0.06 0.06 | 3x10® | 2x10% | 0.001 N/A
2124 125 32 5 3.1 22 | 043 0.82 0.35 0.11 | 3x10® | 2x10° | 0.03 0.01

& PM2s measured at the NCore site by the Alaska Department of Environmental conservation, https://www.epa.gov/outdoor-air-quality-
data/download-daily-data.

b Aerosol liquid water content (ALWC) determined using the ISORROPIA model as outlined in Campbell et al. (2024), accounting for the uptake
of water by inorganic and organic components.

¢ Total sulfate (i.e., primary and secondary) measured in bulk (PM1o) filter sample extracts.

dPercent of total sulfate that is secondary, as reported by (Moon et al., 2024) and averaged over each composite period.

¢ Mass concentration of hydroxymethanesulfonate (HMS) in PMio. This was determined as the S(IV) signal in the ion chromatograph that
remained after adding HOOH to the extraction solution, which removes inorganic S(IV) (Dingilian et al., 2024).

fThe measured inorganic S(IV) atmospheric concentration (and ALW activity) were determined as the difference in bisulfite/sulfite determined
by ion chromatography in two different extracts of the same filter: (1) extraction in purified water minus (2) extraction in water containing
HOOH. It appears that labile organo-S(IV) species on the PM decompose to inorganic S(IV) during filter extraction, so these species also
appear as inorganic S(1V) during this measurement (Dingilian et al., 2024). Values were converted from pg m™ to molarity using the ALWC.

9 The model-predicted activity of inorganic S(IV) is defined as the point where the fraction of secondary sulfate formed by HOOH in the model
matches the measurements from Moon et al. (2024). They differ between high and low pH conditions because rates of secondary sulfate
formation are pH dependent for several of the reactions included here.

"The “low pH” regime reflects calculations performed at pH 1.

"The “high pH” regime reflects calculations performed between pH 4 and 5.
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Table S21. Daytime rates of secondary SO4> formation (ug mS hr1) under high and low pH conditions

Conditions | Oxidant? House Site Sample

115 | 121 1/27 1/31 214 207 2/14 2022 | 2124

HOOH 0.088 0.051 0.49 0.077 0.077 018 | 0053 | 022

Os 0.105 0.076 0.076 0.16 0.076 028 | 0033 | 0078

*OH, 0.054 0.054 0.098 0.054 0.018 0.054 | 0054 | 0.054

_ NO, 0.023 0.017 0.12 0.0020 | 00010 | 0021 | 0.0076 | 0.15
E:v{t:oﬂe;, o 0.0066 | 0.0020 0.096 00011 | 00020 | 0020 | 0.0036 | 0.054
*OHag 0.0015 | 2.9x10* | 00098 | 00001 | 7.4x10° | 0.0025 | 0.0015 | 0.036

™I 0.0016 | 14x10° | 4.6x10% | 3.0x10* | 2.0x10% | 0.0016 | 0.0013 | 0.029

HONO 0.0028 | 0.0011 0.011 | 6.6%10° | 4.1x10° | 8.7x10% | 2.4x10% | N/A

Total Rate | NJA | 0.28 0.20 0.91 0.29 0.17 0.56 015 | 056

HOOH ¢ | 0,035 0.021 0.20 0.031 0.036 0.071 0.087

0s 0.022 0.005 0.016 0.032 0.027 0.093 0.079

*OH, 0.054 0.054 0.098 0.054 0.018 0.054 0.054

_ NO, 75x10% | 57x10% | 0029 | 1.7x10% | 1.6x10% | 0.0030 0.019
531“5”;; scx 22x10* | 6.7x10% | 0023 | 9.6x105 | 3.3x10* | 00029 | N/A® |0.0068
*OHag 15x10° | 4.4x10° | 6.6x10% | 2.7x10° | 3.5x10° | 9.9x10% 0.0013
™I 8.9x105 | 7.2x10° | 3.9x10% | 3.7x105 | 1.9x105 | 1.1x10* 0.0011

HONO 9.6x10° | 3.9x10° | 27x104 | 59x107 | 7.1x107 | 1.3x10° N/A

Total Rate 0.11 0.080 0.36 0.12 0.082 0.23 0.24

595 2HOOH, 3C*, and *OH,q formation rates, and TMI concentrations, reflect measurements made on filter samples from the House site.

®The “low pH” regime reflects calculations performed at pH 1.

¢The “high pH” regime reflects calculations performed between pH 4 and 5.

d Calculations could not be run for the 1/15 composite period since there were no actinic flux measurements.

¢ For the 2/22 High pH daytime composite, no valid model results were obtained because even at very low {inorganic S(IV)}, the maximum
600 modelled fraction of secondary SO%~ produced by HOOH is smaller than the measured fraction reported by Moon et al. (2024).
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Table S22. Parameters for modelling monthly average actinic fluxes with TUV

Snow on the Solar Zenith
Date Ground? Albedo? | Solar Noon® | Angle at St,)olar

Noon
6/15/2021 No 0.1 13:51 41.5
7/15/2021 No 0.1 13:56 43.5
8/15/2021 No 0.1 13:55 51.1
9/15/2021 No 0.1 13:45 62.1
10/15/2021 No 0.1 13:36 73.6
11/15/2021 Slight 0.3 12:35 83.4
12/15/2021 Yes 0.85 12:46 87.9
1/15/2022 Yes 0.85 13:00 85.7
2/15/2022 Yes 0.85 13:04 77.2
3/15/2022 Yes 0.85 13:59 66.7
4/15/2022 Yes 0.4 13:50 54.8
5/15/2022 No 0.1 13:47 45.8
6/15/2022 No 0.1 13:51 41.5

aWintertime albedo estimated based on upwelling-to-downwelling jno. measured during ALPACA and adjusted year-round
based on snow cover.
605 P Determined from https://www.timeanddate.com/sun/usa/fairbanks?month=2&year=2022.
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610

Table S23 a). Estimating O(*D) loss pathways and production rates of *OH(g) from ozone photolysis (Po3—..on)

Month- Average Average Relative | H,O Saturation Vapor [H20(9)] PosseoH
Year Temperature (°C) Humidity (%) Pressure (mbar) (mlc cm®) (mlc cm3s?)
Jun-21 18 56 21 2.9x10Y 2.2x108
Jul-21 18 59 21 3.0x10Y7 1.9x108
Aug-21 13 80 15 3.0x10Y 9.3x10°
Sep-21 6.0 74 94 1.8x10Y 1.9x10°
Oct-21 -15 86 55 1.3x10Y 2.7x10%
Nov-21 -17 79 1.6 3.6x10'6 2.1x103
Dec-21 -17 82 1.6 3.7x10% 1.8x10°
Jan-22 -20 77 1.2 2.7x10% 1.5x10°
Feb-22 -17 79 1.6 3.6x10%6 2.3x10*
Mar-22 -6.9 64 3.6 6.4x10%6 2.5x10°
Apr-22 -0.90 49 5.7 7.4x10%6 6.3x10°
May-22 11 50 13 1.6x10%7 1.4x108
Jun-22 17 49 20 2.4x10Y 2.6x108
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Table S23 b). Estimated monthly photochemical rate constants for O3, HONO, and BrC in Fairbanks. Values were
calculated for midday on the 15" day of each month.

Month-Year jerescx (51) jos>oap) (5 jos>eon (51) jHono>e0H (571
Jun-21 3.1x10* 2.3x10° 3.0x106 1.5x10°3
Jul-21 3.0x10* 2.2x10° 2.9x106 1.4x107
Aug-21 2.6x10"* 1.5x10° 2.0x10® 1.2x10°3
Sep-21 1.9x10* 6.6x10° 5.3x107 9.0x10*
Oct-21 1.0x10* 1.7x10® 9.2x108 4.6x10
Nov-21 3.6x10° 3.6x107 5.4x107° 1.7x10*
Dec-21 2.2x10° 2.1x107 3.2x107° 1.1x10*
Jan-22 4.0x10° 4.2x107 4.6x10° 2.1x10*
Feb-22 1.5x10* 2.5x10® 3.8x108 7.5%x10*
Mar-22 3.5x10* 1.1x10% 3.0x107 1.7x10°%
Apr-22 3.5x10* 1.8x10° 5.8x107 1.7x10%°
May-22 2.9x10* 1.9x10% 1.4x10 1.4x10°%
Jun-22 3.1x10* 2.3x10° 2.6x10° 1.5x10°°
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Figure S1. Comparison of laboratory, field, and modeled photon fluxes (I,) on (a) January 31%, (b) February 4™, and (c)
February 14", The dark colored lines are modelled total actinic flux from TUV solar noon on each specified day and the light
colored lines are the total actinic flux measured on each specified day in Fairbanks, AK at 13:30, near solar noon. Both
measurements and modeled results are total actinic flux, i.e., the sum of upwelling and downwelling. The black line
represents the normalized photon fluxes of laboratory simulated sunlightt TUV data is from
https://www.acom.ucar.edu/Models/TUV/Interactive_ TUV/.
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Figure S2. Raw Experimental Data: BA, FFA, SYR, and 2-NB Decay Plots for the House (a-m) and CTC (n-z) sites.
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Figure S3. Comparison of modelled and measured actinic fluxes (l,) and photochemical rate constants (j). (a) Ratio of
modelled (TUV) and measured actinic fluxes at midday on each composite midpoint date. (b) Rate constants for ozone
photolysis (jos>o(p)) and (c) rate constants for photolysis of HONO (juono>eor) 0on the 15" day of each month.
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Figure S4. Spectrally resolved mass absorption coefficients of particle extracts at (a) the House site, (b) the CTC site, and
(c) in the dilution series of the 2/14 CTC sample. In panel (c), each legend number represents the volume of H,SO4 solution
used to extract each filter square for that dilution. While absorbance values at wavelengths above 500 nm look minimal,
these wavelengths contribute to BrC photochemistry under Fairbanks sunlight.
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Figure S5. Correlations of *OH, O,*, and *C* concentrations with PMz5, [DOC]Jeme, and MACsgo. (a) — (c) all depict House
(marked with x”) and CTC site samples (marked with filled squares), while (d) — (i) only show House site samples. The
regressions were calculated using only the House site samples to control for site differences. [DOC]eme at the House and
CTC sites cannot be compared because the filters at the two sites collected different size bins, with the House site
representing PM; s and the CTC site representing PMo .
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Figure S9. Modelled secondary (2°) SO4% formation under high pH (pH 4-5), daytime conditions during the 1/31 polluted
period and 2/7 clean period due to HOOH, NO2, 3C*, O catalyzed by transition metal ions (TMI), gas-phase *OH, aqueous-
phase *OH, and Os. Panels (a) and (b) show the fraction of secondary SO.?- formation from the different oxidation pathways
as a function of the activity of particle inorganic S(1V), i.e., sulfite and bisulfite. The black vertical dashed lines are the ALW
inorganic S(IV) activities based on PM measurements, assuming all the HOOH-labile S(1V) is inorganic. The yellow
vertical dashed lines are the ALW inorganic S(IV) activities at which our modelled fractions of secondary sulfate from
HOOH match the fractions determined from isotopic measurements (Moon et al., 2024). Panels (c) and (d) show the total
rate of secondary SO,%~ formation from all pathways. Panels (e) and (f) show the percent contribution of each oxidant to
secondary SO,> formation at the modelled concentrations of inorganic S(IV) and the corresponding isotope-determined
oxidant contributions from Moon et al. (2024). In our model results, sulfate formation from TMI is too small to see.

51



1E+0

T )
T & - - s
— - - « o= = _ s 0
- -0 ’»’ =—
2 1E2 % AN T
> ¥ o - S = - -
— - T —-a Ay -
A et o - 0
2 1E-4
s Tt E
(sTh) I
b L
o] m
£
166 ¥

1E-8

1/15 1/22 1/29 2/5 2/12 2/19 2/26
Date

—~—Measured -e-ModeledpH1 ——KHpH1 -¢-ModeledpH4 ——KHpH4
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are likely overestimates because they probably include contributions from labile organo-S(1V) complexes that broke down to
inorganic S(1V) when the filters were extracted.
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